We introduce a multi-state interferometer on an atom chip with an enhanced resolution and nearly perfect fringe visibility. We demonstrate its application as a sensor of the statedependent interaction of atoms with circularly polarized light.
Introduction
Matter-wave interferometry is a powerful tool for high-precision measurements of the quantum properties of atoms, many-body phenomena and gravity [1] . Precise matter-wave interferometers exploit the excellent localization in momentum space and coherence of the degenerate gases [2] . Further enhancement of sensitivity and reduction of complexity are crucial conditions for success and widening of their applications [3] . Here we introduce a multi-state interferometric scheme that offers advances in both these aspects. Coherent coupling between Bose-Einstein condensates (BECs) in different Zeeman states is used to generate high-harmonic output signals with an enhanced resolution and maximum possible fringe visibility. We demonstrate a realization of such an interferometer as a compact, easy-to-use, atom-chip device, as well as its application in measuring light-atom interactions.
Multi-state interferometer on atom chip
A typical interferometric sequence comprises the initial state preparation, multi-state splitting, phase evolution, remixing of the states and state-population measurement. The initial state is prepared by condensing atoms in a low field seeking ground state |F = 2, m F = 2> on an atom chip. Coherent transfer of atoms between the Zeeman states of the same hyperfine state is realized by application of a resonant RF pulse. The interferometer is closed by remixing these states by the second RF pulse after a controllable time delay. This pulse maps the relative phases accumulated between different states during the time delay into a population distribution at the output of the interferometer. Finally, in order to determine the population of each output state, the states are spatially separated by application of the Stern-Gerlach method followed by a free-fall expansion and then imaged. Red dotted line -simulated interferometer fringe for mF=2. Black line -simulated ideal two-path interferometer.
In the absence of an external field, the relative phases between the states are accumulated due to the presence of the trapping magnetic field B. In this field, Zeeman states experience different potentials given by V=m F g F μ 0 |B| where m F and g F are the spin and Lande numbers, respectively, and μ 0 is the Bohr magneton. As a consequence, the interferometer output has a form of a finite Fourier series whose terms correspond to the multiples of the energy difference between adjacent Zeeman states. The harmonics cause a fringe narrowing with the number of states, Fig. 1 , which is the basic characteristic of a multi-state interferometer. The shape and sharpness of the fringes can be controlled by changing the Rabi frequency of the coupling pulse, whereby sharp, high-visibility, interferometric fringes are generated by the Rabi pulses that populate all Zeeman states.
A remarkable feature of our interferometer is that the enhancement of resolution (fringe period/fringe width) of 1.75 with respect to the ideal 2-path interferometer is achieved without reduction in visibility. Indeed, the complete transfer of atoms from m F = 2 to m F = -2 and vice versa, confirms the coherence of the transfer and renders the fringe visibility of 1 within the 5% experimental error.
Applications
The interferometer can be used to measure fields whose interactions with atoms are state-sensitive. When an external field that interacts differently with different Zeeman states is applied during the delay between the pulses, it contributes to the relative phases between the states causing a shift in fringe positions.
Here, we demonstrate the sensitivity of the interferometer to a light pulse focused onto atoms during the time interval between the two Rabi pulses. The atoms were illuminated by a 40 μs light pulse with the frequency stabilized to 6.568 GHz to the red of the F = 2 F = 3 Rb D2 transition. The pulse was focused along the longer axis of the BEC and its beam waist at the condensate was 100 μm, much larger than the 1 μm diameter of the BEC. Fig. 2 shows the reference measurement without light and the measurements with light pulses of opposite circular polarizations. To facilitate the analyses we have plotted Gaussian fits (full lines) of the experimental data (circles). The light pulse polarization determines the sign of the fringe shift -the light with polarization advances and that with + delays the fringe pattern. The power of the + polarized light was varied in order to determine the responsitivity of the interferometer. The corresponding shifts of the Gaussians rendered the responsitivity of 0.13 rad/pJ for and 0.1 rad/pJ for + light. The presented sensor scheme can be used for determination of the relative atom polarizability. 
Conclusion
We present a novel multi-state interferometer on an atom chip and demonstrate its application as a sensor of lightatom interactions. The interferometer has a better resolution of the ideal 2-state interferometer and an excellent fringe visibility. The demonstrated measurement of light pulses is based on different responses of the Zeeman states to different circular polarizations. Moreover, simultaneous measurement of the populations of all states at the output enables a range of advanced sensing applications in atomic physics and optics, e.g. multi-parameter sensing. The integration of interferometer with a chip puts it into consideration for future portable cold-atom based measurement apparatuses.
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